Many measures have been applied to quarry slopes for ecological restoration; however, the performance of these measures has not been clearly evaluated. Thus, research evaluating the effects of the ecological restoration of quarry slopes in Caidian District was carried out to quantify the performance of different ecological restoration methods, to evaluate the effect of ecological restoration projects and to learn the applicability of different restoration technologies in Caidian District. The research can provide a reference for scientific decision-making in the follow-up management of ecological environments in Caidian District. First, the ecological restoration process of quarries in Caidian District was described in detail by visiting the relevant design and construction units. Through observational analysis from the aspects of applicable slope gradient, slope flatness requirements, project cost, the vegetation coverage conditions, the species diversity conditions and construction difficulty, the advantages and disadvantages, as well as the applicability of different ecological restoration technologies were preliminarily clarified. Then, the comprehensive evaluation index system of the ecological restoration effects was established by using the fuzzy AHP method. The ecological restoration effects of each sample plot were evaluated quantitatively based on the data of the evaluation indexes obtained by the field investigation and sampling analysis. Finally, according to the evaluation results, the existing problems in the follow-up management of the ecological restoration of quarry slopes in Caidian District were analyzed, and corresponding countermeasures and suggestions were proposed. The results showed that the quantitative evaluation results obtained by the comprehensive evaluation system of ecological restoration were consistent with the observational analysis results, and the validity of the evaluation system was proven.
Introduction
Quarries are widespread and have a strong environmental impact on the landscape, causing vegetation losses and soil losses [1, 2] . Flora and fauna as well as fundamental ecological relationships have been greatly destroyed by quarries. Quarries destroy soil by modifying the topography of the Since the beginning of the 21st century, artificial ecological restoration of exposed and damaged mountains has been carried out, and the ecological environment in the area has been significantly improved. Between 2006 and 2013, all large and medium-sized quarries in Caidian District were closed, during which the large-scale ecological restoration of the damaged mountains was carried out. The ecological restoration of three mountains, including Ma'an Mountain, Shiyang Mountain, and Jiangjia Mountain, with a total restoration area of 340,000 m 2 and a total investment of nearly USD 10 million led to a significant improvement in the ecological environment of quarries in Caidian District. According to the time sequence, the ecological restoration process of quarries in Caidian District is shown in Table 1 . 
General Situation of the Sample Plots
According to the investigation and data collection of the ecological restoration of quarry slopes in Caidian District, seven sample plots with different restoration technologies were selected for research from the completed ecological restoration projects of quarry slopes. The general description and ecological restoration effects of the sample plots are shown in Table 2 . Since the beginning of the 21st century, artificial ecological restoration of exposed and damaged mountains has been carried out, and the ecological environment in the area has been significantly improved. Between 2006 and 2013, all large and medium-sized quarries in Caidian District were closed, during which the large-scale ecological restoration of the damaged mountains was carried out. The ecological restoration of three mountains, including Ma'an Mountain, Shiyang Mountain, and Jiangjia Mountain, with a total restoration area of 340,000 m 2 and a total investment of nearly USD 10 million led to a significant improvement in the ecological environment of quarries in Caidian District. According to the time sequence, the ecological restoration process of quarries in Caidian District is shown in Table 1 . 
According to the investigation and data collection of the ecological restoration of quarry slopes in Caidian District, seven sample plots with different restoration technologies were selected for research from the completed ecological restoration projects of quarry slopes. The general description and ecological restoration effects of the sample plots are shown in Table 2 . TBS galvanized wire complex grass-shrub planting method
2011
Within 60 days after the project completion, the vegetation coverage increased from zero to over 50%, and the growth height of the shrubs was less than 10 cm. After 2 years, the coverage rate exceeded 85%, and the growth height of the shrubs exceeded 30 cm, which basically realized the ecological restoration of the damaged slope and achieved the expected effect.
III
The slope is located in the middle section of Ma'an Mountain, with a length of 130-150 m at the bottom, a maximum height of approximately 50 m, a slope gradient of 60 • -70 • , and a total area of over 5500 m 2 .
CS higher-order granulation technology 2012
There was almost no vegetation coverage on the slope surface at first. Two years after project completion, the vegetation coverage was over 90%, among which the growth height of the shrubs was more over 50 cm. The slope ecosystem with a sustainable succession function was initially constructed. In addition, the ecological restoration target of the damaged slope was well achieved.
IV
The slope is located in the western part of the middle piedmont of Ma'an Mountain, with a length of 120-150 m at the bottom, a maximum height of approximately 80 m, a slope gradient of 60 • -70 • , and a total area of 9000 m 2 .
Tape planting slope technology 2012
Two years after the project completion, the vegetation coverage increased from complete exposure to 95%, and the growth height of the shrubs exceeded 50 cm. The ecological restoration target of the damaged slope was initially achieved, but the plant community structure was relatively simple and the species diversity was insufficient. V The exposed weathered rock slope is located in a brick factory at the northwest foot of Ma'an Mountain, with a length of 100 m at the bottom, a maximum height of approximately 80 m, a slope gradient of 65 • -75 • , and a total area of 12,000 m 2 . The upper part of the slope is hard marl, and the lower part is debris generated by local collapse of the mountain.
Building widening network method 2010
One year after project completion, the vegetation coverage increased from almost no vegetation to 40%. After three years, the vegetation coverage decreased to less than 40%. Because of the poor stability of the planting platform and the corrosion of steel bars with the increase in age, many planting platforms no longer existed.
VI
The slope is located at the middle foot of Ma'an Mountain, with a length of 50-80 m at the bottom, a maximum height of 80 m, a slope gradient of 75 • -85 • , and a total area of 4500 m 2 . The irregular slope is a fault-generated schist.
Floating panels trenching method 2011
One year after project completion, the vegetation coverage increased from approximately 20% to over 60%, among which the contribution rate of vines accounted for 40%. After two years, the vegetation coverage decreased to less than 50%, and most of the shrubs grew well. However, problems such as low vegetation coverage and insufficient species diversity still existed.
VII
The slope is located in the eastern part of the middle piedmont of Ma'an Mountain, with a length of 100-120 m at the bottom, a maximum height of 60 m, a slope gradient of 65 • -75 • , and a total area of 5000 m 2 . The damaged rock surface is undeveloped limestone.
Vegetation concrete ecological protection technology 2010
Fifty days after project completion, the slope surface was fully covered by vegetation. After two years, with the introduction of local species, especially local small shrubs, formed a natural landscape in harmony with the surrounding environment. Two days after completion of spraying, the unconfined compressive strength of the habitat material reached 0.26 MPa. 
Establishment of the Evaluation System
The selection of the evaluation indexes should reflect the overall effect of comprehensive ecological restoration on the quarry slopes, considering not only the physical, mechanical, and chemical properties of the habitat material but also the contribution of the vegetation to soil fixation, water retention capacity, and the slope landscape pattern. Therefore, a comprehensive evaluation index system from the four aspects of the effect of habitat material improvement, the effect of ecology, the effect of soil and water conservation, and the effect of landscape was established.
According to the types of indexes available in total, in combination with expert advice, the primary evaluation indexes were as follows. Evaluation indexes for the effect of habitat material improvement include organic matter (X 1 ), available N (X 2 ), available P (X 3 ), available K (X 4 ), soil bulk density (X 5 ), total N (X 6 ), total P (X 7 ), and pH (X 8 ). Evaluation indexes for the effect of ecology include vegetation coverage (Y 1 ), Gleason richness index (Y 2 ), Shannon-Wiener diversity index (Y 3 ), Pielou evenness index (Y 4 ), drought resistance of vegetation (Y 5 ), barren resistance of vegetation (Y 6 ), and proportion of native species (Y 7 ). Evaluation indexes for the effect of soil and water conservation include shearing strength of the root-soil composite (Z 1 ), permeability (Z 2 ), soil erosion intensity (Z 3 ), sewage flow interception (Z 4 ), root weight density (Z 5 ), and root tensile strength (Z 6 ). Evaluation indexes for the effect of landscape include landscape coordination (W 1 ), regional characteristics (W 2 ), landscape capacity for visitors (W 3 ), and green period (W 4 ).
The principal component analysis method of SPSS was used to compare the importance of each index. It was found that the scores of X 1 , X 2 , X 3 , X 4 , and X 5 in the effect of habitat material improvement; Y 1 , Y 3 , Y 4 , and Y 5 in the effect of ecology; Z 1 , Z 2 , Z 3 , and Z 5 in the effect of soil and water conservation; and W 1 and W 3 in the effect of landscape were higher than the average, which can be incorporated into the evaluation index system.
Determination of Index Weight
According to the expert advice, the important values of each index were compared with each other by the 1-9 scale method [25, 26] , and the judgement matrix was formed. Then, the weight vector was calculated, and the consistency test was performed. The index weights of the evaluation index system of ecological restoration of quarry slopes are shown in Table 3 . Table 3 . The index weights of the evaluation index system of ecological restoration of quarry slopes. 
First-Class

Determination of Grading Standard
According to the relevant research results and the functional characteristics of ecological restoration of quarry slopes, combined with expert advice, the grading standard can be divided into five levels (v l -Very good, v 2 -Good, v 3 -Normal, v 4 -Poor and v 5 -Very poor). The grading standard of the evaluation indexes of ecological restoration of quarry slopes is shown in Table 4 . Table 4 . The grading standard of the evaluation indexes of ecological restoration of quarry slopes.
Index
The Standard of Different Grades 
Calculation Method
The expert scoring method is used to determine the membership degree of qualitative indexes, and the membership degree function is used to calculate the membership degree of quantitative indexes. If the value of the membership function of an element belonging to a fuzzy set is large, the degree of membership of the element is high, and the degree to which it belongs to the set is also high. The value of the membership is a number between [0, 1]. A value closer to 1 indicates a better degree of membership. First, the membership degree of the second-level index is calculated, and the calculation method of the membership degree of the quantitative index is as follows [27] :
The positive index (the higher the index value is, the better it is for the project):
The reverse index (the smaller the index value is, the better it is for the project):
where r im( j+1) is the membership degree of the index to the effect for level j + l; matrix with the corresponding membership degree matrix, the membership degree of the target layer can be obtained. According to Equation (3), the comprehensive evaluation results can be obtained as follows:
Results
Observational Analysis of the Ecological Restoration Effect on Quarry Slopes
Based on the field investigation and visiting the relevant design and construction units of seven typical sample plots, the ecological restoration technologies were compared from the aspects of applicable slope gradient, slope flatness requirements, project cost, the vegetation coverage conditions, the species diversity conditions, and construction difficulty. The vegetation coverage conditions and the species diversity conditions were mainly based on field observation and analysis. The advantages, disadvantages, and applicability of different ecological restoration technologies were analyzed (Table 5 ). In addition, Indigofera amblyantha Craib, Medicago sativa Linn., Indigofera pseudotinctoria Matsum, Festuca elata Keng ex E. Alexeev, Cynodon dactylon (Linn.) Pers., and Lolium perenne Linn. had good growth in the ecological restoration projects from the perspective of species suitability, which played a role in quickly covering the slopes with the pioneer species. Paspalum notatum Flugge, Rhus chinensis Mill., Robinia pseudoacacia Linn., and several vines did not seem adaptable.
It can be concluded from the observational analysis of the seven technologies ( Figure 2 ) that the applications of the TBS galvanized wire complex grass-shrub planting method, CS higher-order granulation technology, tape planting slope technology, and vegetation concrete ecological protection technology for the ecological restoration of quarry slopes in Caidian District were successful, which was worthy of further promotion. However, the soil spray-sowing technology easily collapsed in cases of heavy rain. Because of the complexity and difficulty of construction, as well as the low vegetation coverage and poor species diversity, the building widening network method and floating panels trenching method should be used with caution in later projects. successful, which was worthy of further promotion. However, the soil spray-sowing technology easily collapsed in cases of heavy rain. Because of the complexity and difficulty of construction, as well as the low vegetation coverage and poor species diversity, the building widening network method and floating panels trenching method should be used with caution in later projects. 
Comprehensive Evaluation of the Ecological Restoration Effect Based on the Fuzzy AHP Method
Acquisition of Index Data
From June to July 2014, the data of the evaluation indexes for each sample plot were obtained by field investigation and sampling analysis, as shown in Table 6 . 
Evaluation Results and Analysis
The comprehensive evaluation results of the sample plots can be obtained according to Equation (3) ( Table 7) . Based on the principle of maximum membership degree judgement, it can be concluded that the ecological restoration effects of the tape planting slope technology and vegetation concrete ecological protection technology were very good; the ecological restoration effects of the TBS galvanized wire complex grass-shrub planting method and CS higher-order granulation technology were good; the ecological restoration effect of the floating panels trenching method was normal; and the ecological restoration effects of the soil spray-sowing technology and building widening network method were poor. The quantitative evaluation results were consistent with the observational analysis results, which proved the effectiveness and applicability of the evaluation system. 
Discussion
Ecological Restoration Technologies and Effect Evaluation of Ecological Restoration for Quarry Slopes
Ecological Restoration Technologies for Quarry Slopes
The commonly used ecological restoration technologies for quarry slopes have not only improved the local ecological environment, but also formed a good landscape effect [28] [29] [30] . The frequency of disasters such as soil erosion and landslides has been significantly reduced in the ecologically restored areas [31] . Moreover, the efficient eco-industry model can promote the development of local economy and enhance the environmental protection awareness among the general public [32, 33] .
Based on the ecological restoration of quarry slopes in Caidian District, the applicability as well as the advantages and disadvantages of seven ecological restoration technologies were preliminarily clarified in this study. The applicability of other commonly used ecological restoration technologies and the physical and chemical properties of the habitat material have also been compared for the quarries in different regions [34] [35] [36] [37] . On the basis of these research outcomes, the ecological restoration technologies suitable for different types of quarry slopes can be chosen, so as to realize the function of ecological restoration and protection for shallow layer of quarry slopes.
Effect Evaluation of Ecological Restoration for Quarry Slopes
The ecosystem constructed by the ecological restoration of quarry slopes can be regarded as the unity of the interaction between the habitat material, vegetation, and environment, which determines the stability and effect of the ecological restoration of slopes [38, 39] . If the dynamic monitoring and comprehensive evaluation can be carried out on the ecological restoration of slopes, it could contribute to know the real-time effect of the ecological restoration of quarry slopes.
Many methods have been used to evaluate the effect of ecological restoration of quarries [10, [40] [41] [42] , however, most of them just focused on qualitative analysis. Compared with qualitative analysis, the follow-up manual regulation can be guided according to the evaluation results, so as to achieve the sustainable development of the ecosystem of quarry slopes. In order to comprehensively reflect the effect of ecological restoration of quarries, the comprehensive evaluation index system for effect of the ecological restoration of quarry slopes was established by using the fuzzy AHP method from four aspects in this study. By using the established evaluation system to quantitatively evaluate the effect of the ecological restoration of quarry slopes in Caidian District, it can provide theoretical and scientific basis for ecological construction and restoration countermeasures.
Existing Problems and Countermeasures
Existing Problems
According to the above evaluation results, the existing problems in the follow-up management of the ecological restoration of quarry slopes in Caidian District from the perspective of technology were analyzed. The existing problems mainly focus on the four aspects of stability of the habitat material, pioneer species, durability of some components, and maintenance management, as follows.
Insufficient stability of the habitat material: The lack of stability of the habitat material was mainly reflected in the weak adhesion between the habitat material layer and the slope surface, which led the habitat material to easily collapse under the action of rainfall. For example, compared with the CS higher-order granulation technology and vegetation concrete ecological protection technology, the mechanical properties of the soil spray-sowing technology had not been improved because it used a mixture of pure planting soil, fertilizer, and organic materials. According to the field investigation and sampling analysis, the shearing strength of root-soil composite of sample plot I by using the soil spray-sowing technology was only 39.82 kPa, while the shearing strength of root-soil composite of sample plot III by using the CS higher-order granulation technology and sample plot VII by using the vegetation concrete ecological protection technology was 54.36 kPa and 75.66 kPa. Therefore, a large area of the habitat material layer collapsed because of a rainstorm soon after the completion of sample plot I in July 2012. In addition, the ability of resisting rainfall and runoff erosion for the surface of sample plot I was also poor. In the initial stage without vegetation cover, soil erosion was easy to occur. Even if the vegetation covers the slope in the later stage, the thickness of the habitat material layer will become thinner with the passage of time, which makes it difficult to achieve long-lasting effect of ecological restoration.
Strong pioneer species: The species survey and monitoring of sample plots showed that a single vegetation community structure and the species diversity was poor, and a stable ecosystem with self-sustainability had not yet been formed. For example, the Shannon-Wiener diversity index of sample plot I by using the soil spray-sowing technology, sample plot V by using the building widening network method, and sample plot VI by using the floating panels trenching method was only 1.46, 1.55, and 1.64, respectively, which was significantly lower than those of the other sample plots. A stable ecosystem has a high species diversity and thus has a strong ability to adapt to changes in the external environment. Otherwise, even if the current vegetation coverage is high but the species diversity is low, the ecosystem is prone to degradation.
Poor durability of some components: Bamboo scaffolding was widely used in the floating panels trenching method. However, bamboo easily aged, and the steel wire used for tying also easily corroded. After the bamboo scaffolding was completed, it became unstable, and the vegetation coverage was reduced. Rebar was the main stress component of the planting platform. Some of the planting platforms had been damaged because of corrosion of the steel bars and reduction in mechanical properties, which influenced the effect of the ecological restoration.
Inadequate maintenance management: For the sample plot of the building widening network method, planting platforms were distributed sporadically, and irrigation systems were not set up separately, leading to planting platforms with low water conservation capacity. Because of the small scale of the planting platforms and the weakness of the self-sustainability of the ecosystem, the vegetation died.
Countermeasures and Suggestions
Based on the existing problems and the development of ecological restoration of quarry slopes, the following corresponding countermeasures and suggestions were proposed.
For the problem of insufficient stability of the habitat material, it is recommended to select habitat material with cement as the cementing material, which is appropriately mixed with plant fibers [17] . The cement can enhance the bonding force between the habitat material and the slope surface [43] and can improve the ability of the habitat material to resist erosion by rainfall and runoff, which is conducive to the successful adhesion of the habitat material on steep slopes. In addition, gouging and wetting flat rock slopes first is suggested to further enhance the bonding force between the slope surface and the habitat material.
For the problem of strong pioneer species, a reasonable matching of pioneer species and native species should be considered in the selection and allocation of mixed plant seeds [44, 45] . Bush seeds that are pretreated and easily germinate can be properly configured. After the implementation of the project, it is recommended that performance tracking and regulation according to the succession of the vegetation community be carried out and that measures, such as removing some dominant species, transplanting competing species, and replanting shrubs, be taken.
For the problem of the poor durability of some components, selection of steel members after anti-corrosion treatment is recommended. Ageing materials, such as bamboo, should be avoided as structural members. The structural form should be optimized to ensure the sustainability of the ecological restoration projects of quarry slopes.
For the problem of inadequate maintenance management, the water demand for plant growth should be fully considered in the design and construction, and the storage and irrigation system should be reasonably established [46, 47] . It is suggested that a water-saving micro-irrigation system in the form of drip irrigation be set up [48] , especially for the characteristics of poor water conservation ability of the building widening network method. In addition, repair of the habitat material is an important part of maintenance management. If the habitat material collapses, repair measures should be taken in time to prevent geological disasters caused by accelerated weathering of bare slope surfaces.
Furthermore, scientific planning and mountain-friendly policies are necessary. Combined with the actual situation, the damaged mountain should be rationally developed and utilized according to local conditions [49] [50] [51] [52] [53] . First, it could be built into a landfill in areas where the gentle slopes can form a closed loop. For example, in the Qianzi Mountain of Caidian District, the excavation area is 200,000 m 2 at the bottom of the mountain and the depth is 50 m, and approximately 10 million m 3 of domestic garbage can be landfilled according to preliminary estimates. Second, combined with the tourism industry of Caidian District [33] , many existing damaged rock slopes can be transformed into mine parks [54, 55] . Third, the existing Yushun Mountain Cemetery and Weiwu Cemetery in Caidian District are connected to Jiangjia Mountain and Funiu Mountain, respectively. By combining the construction of the cemetery, the pressure on land resources brought about by the growth of the cemetery can be greatly alleviated.
Conclusions
A comprehensive evaluation index system from four aspects of the effect of habitat material improvement, the effect of ecology, the effect of soil and water conservation, and the effect of landscape was established. The ecological restoration effect of each sample plot was evaluated quantitatively based on the data of the evaluation indexes obtained by the field investigation and sampling analysis. The results show that the quantitative evaluation results obtained by the comprehensive evaluation system of ecological restoration are consistent with the observational analysis results, and the validity of the evaluation system is proven.
According to the observational analysis and the evaluation results, the existing problems in the follow-up management of the ecological restoration of quarry slopes in Caidian District were analyzed. The corresponding countermeasures and suggestions were proposed. Additionally, it may be considered to rely on the evaluation results to decide whether to carry out the follow-up manual regulation and specific regulation measures. Through the continuous monitoring of each index before and after the regulation, the comprehensive evaluation system of ecological restoration proposed in this study can be used to quantitatively evaluate the effect of manual regulation, which can achieve the sustainable development of the ecosystem of quarry slopes.
In the next step, the real-time evaluation results of ecological restoration projects should be taken into consideration to guide the formulation of subsequent regulatory schemes and the selection of regulatory opportunities. In addition, how to supplement and select indexes that can comprehensively and objectively reflect the effects of ecological restoration and establish a more perfect evaluation system needs further research.
